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Preface 
The presented results of this thesis were achieved since April 16, 2007 during my Ph. D. study 
at the Institute of Physical Chemistry and Electrochemistry at the Gottfried Wilhelm Leibniz 
Universität Hannover under the supervision of Prof. Dr. Jürgen Caro. In this period, I have 
also been a scientific co-worker and worked for the BMBF project SynMem and the European 
project NASA-OTM. 
Six research articles in which I am the first author are presented within this thesis. I 
wrote the first draft of the six papers, Prof. Dr. J. Caro and other co-authors corrected and 
improved them. The following statement will point out my contribution to the articles 
collected in this thesis. For all these articles, I would like to acknowledge the fruitful 
discussions and valuable comments from the co-authors and referees, particularly from Prof. 
Dr. J. Caro, Prof. Dr. H. Wang, Dr. S. Werth, and Priv.-Doz. Dr. A. Feldhoff. All the dense 
hollow fiber membranes used during my Ph. D. work were provided by Dr. T. Schiestel from 
the Fraunhofer Institute of Interfacial Engineering and Biotechnology (IGB) in Stuttgart. 
Three articles studying the thermodynamic coupling for hydrogen production from water 
splitting are collected in Chapter 2. The first article, Hydrogen production by water 
dissociation in surface-modified BaCoxFeyZr1-x-yO3-δ hollow fiber membrane reactor with 
improved oxygen permeation, was written by me. I got support on the manuscript preparation 
from all the co-authors, especially from Prof. Dr. J. Caro, Priv.-Doz. Dr. A. Feldhoff and K. 
Efimov. The BaCoxFeyZr0.9-x-yPd0.1O3-δ (BCFZ-Pd) powder was prepared by F. Liang 
following my idea. Deposition of the BCFZ-Pd porous layer onto the BCFZ hollow fiber 
membrane and all the measurements of oxygen permeation and hydrogen production were 
done by myself. SEM and TEM characterizations were done by me, Priv.-Doz. Dr. A. 
Feldhoff, and K. Efimov. The second article, Simultaneous production of hydrogen and 
synthesis gas by combining water splitting with partial oxidation of methane in a hollow-fiber 
membrane reactor, was written by me. The experimental results and calculations were mainly 
done by myself. Prof. Dr. J. Caro and Prof. Dr. H. Wang provided strong support on the 
manuscript preparation. The third article, A coupling strategy to produce hydrogen and 
ethylene in a membrane reactor, was also written by me, and Prof. Dr. J. Caro improved it. 
The measurements were conducted by Zhengwen Cao and me in almost equal shares. SEM 
measurements were done by myself. 
II 
Another three articles focusing on the kinetic coupling for nitrogen oxides 
decomposition are collected in Chapter 3. The first article, Highly eﬀective NO decomposition 
by in situ removal of inhibitor oxygen using an oxygen transporting membrane, was written 
by me. The measurements and the interpretation were carried out by Lei Xing and me. I wrote 
the first draft of the second article: Direct decomposition of nitrous oxide to nitrogen by in situ 
oxygen removal with a perovskite membrane. Prof. Dr. J. Caro and Prof. Dr. H. Wang spent 
much time on correcting and improving it. Dr. S. Werth wrote the German version of this 
article. All the measurements and calculations included in this article were conducted by 
myself under the supervision of Prof. Dr. J. Caro. The third article, Improved water 
dissociation and nitrous oxide decomposition by in situ oxygen removal in perovskite catalytic 
membrane reactor, was written by me with the help of Prof. Dr. J. Caro. All the measurements, 
calculations and interpretation were mainly carried out by myself. Additionally, I obtained 
support on the manuscript preparation from all co-authors. 
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Abstract 
The equilibrium controlled water splitting and the kinetically controlled nitrogen oxides (NO 
and N2O) decomposition were studied in the perovskite BaCoxFeyZr1-x-yO3-δ (BCFZ) hollow 
fiber membrane reactor that allows the selective permeation of oxygen. The hydrogen 
production rate or the conversion of NO and N2O directly depends on the rate of oxygen 
removal from the system of water splitting or nitrogen oxides decomposition. To improve the 
oxygen permeation rate and thus the reactor performance, a series of oxygen-consuming 
reactions were coupled with water splitting or nitrogen oxides decomposition on the opposite 
sides of the BCFZ membrane reactor. 
Chapter 2 demonstrated the effective hydrogen production from water splitting by in situ 
removing oxygen from the steam side to the other side of the BCFZ membrane, where the 
permeated oxygen was continuously consumed by methane combustion, partial oxidation of 
methane (POM), or oxidative dehydrogenation of ethane (ODE). First, when a catalytic 
BaCoxFeyZr0.9-x-yPd0.1O3-δ (BCFZ-Pd) porous layer was elaborately attached to the outer 
surface of the dense BCFZ membrane, the permeated oxygen was even more effectively 
consumed by methane combustion, leading to a larger gradient of oxygen partial pressure 
across the membrane. The oxygen permeation rate was increased by 3.5 times as compared to 
that of the blank BCFZ membrane, and the hydrogen production rate was increased from 0.7 
to 2.1 mL min-1 cm-2 at 950 °C after depositing a BCFZ-Pd porous layer onto the BCFZ 
membrane. When packing a Ni-based catalyst and feeding methane to the shell side, not only 
a hydrogen production rate of 3.1 mL min-1 cm-2 was achieved at 950 °C on the core side, but 
also synthesis gas was obtained on the shell side. A lower operating temperature was achieved 
by coupling water splitting with the ODE process on the opposite sides of the BCFZ hollow 
fiber membrane. At 800 °C, not only a hydrogen production rate of 1.0 mL min-1 cm-2 was 
obtained, but also an ethylene yield of around 55 % was achieved on the other side of the 
BCFZ membrane. Moreover, the operation for the simultaneous production of hydrogen on 
the core side and ethylene on the shell side was conducted for 100 h without membrane 
failure. 
During the decomposition of NO or N2O into N2 and O2 over perovskite BCFZ, the 
produced oxygen acts as an inhibitor. The effective abatement of NO and N2O by in situ 
removing the inhibitor oxygen via the perovskite BCFZ oxygen-permeable membrane was 
VI 
presented in Chapter 3. It was found that the conversion of NO or N2O on the core side is very 
low when no sweep gas was applied on the shell side. However, when feeding methane in 
combination with Ni-based catalyst to the shell side, the direct decomposition of NO over the 
inner surface of the BCFZ hollow fiber membrane was achieved with NO conversion of 
almost 100 % and N2 yield of around 95 % even with coexisting 3 vol.% oxygen in the feed. 
For the N2O decomposition in the BCFZ membrane reactor, the oxygen concentration on N2O 
side can be kept at a low level by increasing the operating temperature or the pressure 
difference across the membrane or by feeding reducing gases like methane or ethane on 
permeate side. Benefiting from the effective oxygen removal via the BCFZ oxygen-permeable 
membrane, a complete decomposition of N2O with the concentration of up to 50 vol.% was 
obtained at 875 °C. Moreover, the permeated oxygen was utilized to produce synthesis gas by 
the POM or ethylene by the ODE process on the shell side. A methane conversion of over 90 
% and a CO selectivity of 90 % were obtained at 875 °C with the simultaneous complete 
decomposition of 20 vol.% N2O. 
 
 
Keywords: perovskite membrane reactor, coupling, water splitting, nitrogen oxides 
decomposition, partial oxidation 
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Zusammenfassung 
Die gleichgewichtskontrollierte Zersetzung von Wasser in die Elemente als auch die kinetisch 
kontrollierte Zersetzung von Stickstoffoxiden (NO und N2O) wurden in einem 
sauerstoffleitenden perowskitischen Hohlfasermembranreaktor der Zusammensetzung 
BaCoxFeyZr1-x-yO3-δ (BCFZ) untersucht. 
Die Bildungsgeschwindigkeit von Wasserstoff bzw. der Umsatz von NO oder N2O hängt 
dabei direkt von der Geschwindigkeit ab, mit der der Sauerstoff aus dem System entfernt wird. 
Um den Sauerstofffluss durch die Membran und folglich die Reaktorleistung zu verbessern, 
wurden eine Reihe von sauerstoffverbrauchenden Reaktionen mit der Zersetzung von Wasser 
oder Stickstoffoxiden auf der gegenüberliegenden Seite der BCFZ-Membran gekoppelt. 
Kapitel 2 beschreibt die Wasserstoffproduktion durch Wasserzersetzung in die Elemente durch 
In-Situ-Entfernung von Sauerstoff von der Wasserdampf-Seite zur anderen Seite der 
BCFZ-Membran, wo der permeierte Sauerstoff kontinuierlich durch Methanverbrennung, 
Partielle Oxidation von Methan (POM) oder Oxidative Dehydrierung von Ethan (ODE) 
verbraucht werden kann. 
Wird eine poröse katalytische BCFZ-Pd-Schicht auf die äußere Oberfläche der dichten 
BCFZ-Membran aufgebracht, so wird der permeierte Sauerstoff sogar noch effektiver durch 
die Methanverbrennung umgesetzt. Dies führt zu einem größeren O2-Partialdruckgradienten 
über den Querschnitt der Membran. Die Sauerstoffpermeationsrate vergrößerte sich um ein 
3,5-faches, verglichen mit der unbeschichteten BCFZ-Membran. Die 
Wasserstoffbildungsgeschwindigkeit bei 950 °C stieg von 0.7 auf 2.1 mL min-1 cm-2 nach 
Beschichtung der BCFZ-Membran mit einer porösen BCFZ-Pd-Schicht. Wird um die 
Membran ein Festbett eines Ni-Katalysators verwendet und Methan auf die Außenseite der 
Faser gegeben, so wird nicht nur eine Wasserstoffbildungsgeschwindigkeit von 3.1 mL min-1 
cm-2 bei 950 °C auf der Innenseite der Membran erreicht, sondern es kann zudem auf der 
Shell-Seite Synthesegas gebildet werden. Eine niedrigere Reaktionstemperatur konnte 
realisiert werden, indem die Wasserzersetzung auf der einen Seite mit der Oxidativen 
Dehydrierung von Ethan auf der gegenüberliegenden Seite der BCFZ-Hohlfasermembran 
kombiniert wurde. Bei 800 °C wurde hier nicht nur eine Wasserstoffbildungsgeschwindigkeit 
von 1.0 mL min-1 cm-2 erreicht, sondern auch eine Ethylenausbeute von ca. 55 % auf der 
anderen Seite der Membran.  
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Darüberhinaus konnte für diese simultane Wasserstoffproduktion auf der Core-Seite und 
Ethylen Produktion auf der Shell-Seite eine Langzeitstabilität des Membranreaktors von über 
100 Stunden realisiert werden. 
Bei der Zersetzung von NO bzw. N2O in die Elemente über dem BCFZ-Perowskiten 
agiert der produzierte Sauerstoff als Inhibitor. Die effektive Entsorgung von NO und N2O 
durch In-Situ-Entfernung des inhibierenden Sauerstoffs über der sauerstoffleitenden 
BCFZ-Perowskithohlfasermembran wird in Kapitel 3 vorgestellt. Dort konnte gezeigt werden, 
dass der Umsatz von NO oder N2O auf der Inneseite sehr gering ist, sofern kein Spülgas auf 
der Shell-Seite verwendet wurde. Wurde jedoch Methan als Spülgas in Kombination mit 
einem Nickel-Katalysator auf der Shell-Seite eingesetzt, so konnte für die direkte Zersetzung 
von NO an der inneren Oberfläche der BCFZ-Hohlfasermembran ein NO-Umsatz von nahezu 
100 % sowie eine N2-Ausbeute von ca. 95 % bei einem 3 vol.-% Restgehalt von Sauerstoff im 
Feed erreicht werden. Für die Lachgaszersetzung im BCFZ-Membranreaktor konnte die 
O2-Konzentration auf der Lachgas-Seite durch Erhöhung der Betriebstemperatur oder der 
Druckdifferenz über der Membran als auch durch Zugabe von reduzierenden Gasen wie 
Methan oder Ethan auf der Permeatseite gering gehalten werden. 
Mit Hilfe der effektiven Sauerstoffentfernung durch die sauerstoffleitende 
BCFZ-Membran konnte eine komplette Zersetzung von Lachgas bei 875 °C in 
Konzentrationen bis zu 50 vol.-% erreicht werden. Außerdem konnte der permeierte 
Sauerstoff verwendet werden, um Synthesegas durch die Partialoxidation von Methan oder 
Ethylen durch die Oxidative Dehydrierung von Ethan auf der Shell-Seite zu produzieren. Zum 
Beispiel konnte ein Methanumsatz von über 90 % und eine CO-Selektivität von 90 % bei 875 
°C erzielt werden, während auf der anderen Membranseite ein 20 vol.-%iger N2O-Gasstrom 
komplett zersetzt werden konnte. 
 
 
Schlagwörter: Perowskitischer Membranreaktor, Kopplung, Wasserzersetzung, Zersetzung 
von Stickstoffoxiden, Partielle Oxidation 
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Chapter 1  
Introduction 
It is predicted that human beings will face the problem of the lack of fossil oil and 
natural gas in the twenty-first century. Simultaneously, human beings have faced, are facing, 
and will face environmental problems that are strongly linked to the production, 
transformation, and consumption of energy. As shown in Figure 1.1, chemical industry brings 
us the environmental problem while it meets the basic human needs. It is necessary for the 
chemical industry to build innovative process-engineering technologies for the reduction of 
energy consumption and the minimization of waste streams. 
The two most important and often the most expensive steps in a chemical process are 
usually the chemical reaction and the separation of the product stream. Both the process 
economics and the efficient use of natural resources could be improved by the combination of 
these two unit operations in a single device called membrane reactor, leading to potential 
savings in energy consumption, effective use of raw materials and reduced formation of 
by-products.1 According to the IUPAC definition, a membrane reactor is a device combining 
a membrane based separation and a chemical reaction in one unit.2, 3 Membranes and 
membrane reactor technology are expected to play a tremendous impact on the production of 
clean energy while safeguarding the environment. 
 
Figure 1.1 Schematic diagram of the environmental problem caused during the chemical 
processing of raw materials. 
Chapter 1 Introduction 
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1.1 Basic aspects of membrane reactors 
 
1.1.1 Types of membrane reactors 
There are numerous concepts to classify membrane reactors.3 Based on the materials 
used for membrane construction, the membrane reactors can be divided into inorganic and 
organic ones or porous and dense ones. Dense materials include solid oxide electrolyte dense 
membranes and palladium alloy membranes that are permeable to hydrogen. Perovskite 
membranes are one kind of mixed-conducting dense membranes that show high oxygen 
permeation rates at high temperatures, which will be discussed in the following sections. 
Porous inorganic membranes can be divided into macroporous (dp > 50 nm), mesoporous (50 
> dp > 2 nm) and microporous (dp < 2 nm) ones.1 Macroporous materials, such as α-alumina 
membranes, are normally used to support layers of smaller pore size to form composite 
membranes, or as catalyst support in applications where a well-controlled reactive interface is 
required. Mesoporous materials for membranes have general pore sizes in the 4 - 5 nm range, 
so that permeation is governed by Knudsen diffusion. Microporous membranes, which should 
be called better nanoporous membranes, offer the potential for molecular sieving effects, with 
very high separation factors, and materials such as carbon molecular sieves, porous silicas, 
zeolites and most recently MOFs (metal-organic frameworks) have been studied.1,4,5 
The membrane reactors can also be classified into extractors, distributors or contactors 
following the reactor design.6 In addition, they can be defined as inert or catalytic membrane 
reactors. Of course, the inert membrane reactor can become catalytically active by packing 
catalyst particles in the membrane pores or outside the membrane as a fixed bed. The catalytic 
aspects of membrane reactors will be discussed in Section 1.1.3. 
 
1.1.2 Advantages of membrane reactors 
 
Removal of Product(s) For a reversible reaction 
A + B ? C + D                               (1) 
according to thermodynamics, only a limited conversion and yield can be obtained due to the 
equilibrium constant. This thermodynamic restriction, however, can be overcome by 
Chapter 1 Introduction 
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displacing the equilibrium toward more product formation. For example, if either one or both 
products can be in situ removed via a permselective membrane, the reversible reaction will 
proceed in the direction of the generation of more products. Therefore, proper product 
removal from the reaction zone shifts the equilibrium-limited reaction to a higher conversion.7 
Likewise, at a constant conversion degree, the operating temperatures or residence times for 
an endothermic equilibrium could be lowered in a membrane reactor. Because the 
thermodynamically unfavorable reaction can be driven closer to completion, the consumption 
of the feedstock can be reduced. 8 An example of this reaction type is water dissociation into 
oxygen and hydrogen as follows: 
H2O ? H2 + 1/2 O2                              (2) 
Due to the very small equilibrium constant of this reaction even at high temperature, only 
small amounts of hydrogen are generated at equilibrium. However, as shown in Figure 1.2, a 
hydrogen rate of 0.6 cm3 min-1 cm-2 was obtained at 1683 °C by removing the produced 
oxygen via a mixed oxygen ion and electron conducting ZrO2-TiO2-Y2O3 membrane.9 
 
Figure 1.2 The concept of hydrogen production from direct water splitting at high 
temperature by removing oxygen via a mixed conducting membrane.9, 10 
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In addition to the increase of the reaction conversion, selectivity can also be enhanced in 
a membrane reactor. For the case that some undesirable side reactions will take place, leading 
to a lower yield or selectivity, when the concentration of one of the products is too high, the 
use of a membrane can suppress the side reactions and reduce or eliminate the formation of 
by-product(s).7 An example is the dehydrogenation of isobutane to form isobutene. The 
selectivity to isobutene formation had a benefit by removing hydrogen via Pd membrane, 
since competing reactions such as hydroisomerization and hydrogenolysis could be markedly 
reduced. 11  Therefore, dehydrogenation in an extractor type membrane reactor with a 
hydrogen selective membrane is a reaction, where both conversion and selectivity are 
improved. Another example is the direct catalytic decomposition of NO into N2 and O2. 
Normally, the consecutive reaction between the produced O2 and the un-reacted NO will take 
place, leading to the formation of undesired NO2. However, if the direct decomposition of NO 
is conducted in a perovskite oxygen permeable membrane reactor, the NO2 formation is 
effectively prevented benefiting from the in situ removal of the produced oxygen.12 More 
details will be given in Section 3.2. 
 
Controlled addition of reactant(s) In the conventional fixed-bed reactors, the reactants are 
typically premixed as a co-feed and the products are in contact with the reactants. Certain 
reactions that form some undesirable intermediate or side products might take place because 
of the uncontrolled contact between the reaction components. When a reactant is supplied 
through the membrane, its concentration inside the reactor can be kept at a sufficiently low 
and constant level, thus limiting side reactions such as deeper hydrogenations or oxidations, 
and avoiding the need to separate unconverted reactants.8 
Besides, the separation of reactants allows better control of the reaction by varying the 
dose of each reactant independently. Moreover, the reactant supplied via the membrane can be 
used in a dilute, technical form rather than pure form, because the undesired compounds will 
be rejected by the membrane itself. For example, air instead of pure oxygen can be used for 
the oxidative coupling of methane on a dense oxygen-permeable membrane reactor, and 
nitrogen will be thus kept apart from products and unconverted reactants (the separation of 
methane from nitrogen is rather difficult and expensive).13 
In addition to the potential process economic benefits, a membrane reactor can also 
result in a safer operation. For example, some combustion reactions involve rapid release of 
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energy when the reactants are mixed in a batch or bulk mode. However, when a critical 
reactant such as oxygen is carefully added to the reaction system (e.g., fuel) via a membrane, 
the potentials for the uncontrolled, massive reactions can be minimized, thus leading to safety 
hazards. In this way, the fuel can be used undiluted.7 
 
Coupling of reactions When a reaction involves the evolution of a species while another 
reaction consumes the same species and a membrane can be found that is permselective to 
this species, it may be feasible to combine the two reactions on the opposite sides of a 
membrane reactor. The first proof of this concept is the simultaneous operation of an 
endothermic dehydrogenation and an exothermic hydrogenation upon a Pd membrane reactor. 
Since then most of the studies have focused on coupling dehydrogenation and hydrogenation 
of hydrocarbons by dense Pd-based membrane.14, 15 Sometimes, a primary reaction is coupled 
to a secondary one whose purpose is to take away as soon as possible the permeating gas from 
the membrane so as to increase the driving force available for permeation. For example, 
Balachandran et al. coupled water splitting with hydrogen combustion as a model reaction in 
a ceramic-metal membrane reactor, by feeding hydrogen to the permeate side to consume the 
permeated oxygen. A maximum hydrogen production rate of 10.0 cm3 min-1 cm-2 was 
obtained at 900 °C as a proof of principle.10, 16 Since in this model reaction the amount of 
hydrogen produced was equivalent to the hydrogen amount consumed, the coupling of 
practice-relevant reactions in membrane reactors looks more attractive. 
 
The coupled dehydrogenation/hydrogenation is also studied in fixed bed reactors, e.g. the 
simultaneous ethylbenzene dehydrogenation and benzene hydrogenation. 17  Recently, 
Kondratenko et al. reported the production of ethylene with the simultaneous almost 100 % 
removal of nitrous oxide (N2O) by coupling the N2O decomposition with the thermal 
dehydrogenation of ethane in a catalytic fixed bed reactor.18 However, by the coupling of the 
two reactions in the fixed bed reactor, a subsequent procedure is necessary to separate the 
products. If the reactions are conducted in a membrane reactor, the products will be kept 
separated on the two sides of the membrane. Therefore, it looks attractive to search for new 
pairs of industrially interesting reactions in membrane reactors. 
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1.1.3 Catalytic considerations of membrane reactors 
When following the concept of process intensification and combining the separator and 
the reactor functions into one unit, catalytic considerations are very important as they directly 
influence the conversion and selectivity of a reaction. The type of catalyst material and its 
dispersion might have profound impacts on the reactor performance. The choice of membrane 
material and its microstructure may also affect the catalytic aspects of the membrane reactor. 
The noble metals normally provide high catalytic activity, mechanical stability and heat 
conductivity. The cost, however, can be an issue. An economically feasible solution to this 
problem is to introduce the metal catalyst particles into a narrow region just below the surface 
of a less expensive porous support membrane or just as thin layer over the surface of a dense 
membrane. In this Ph. D. work, a Pd-doped perovskite porous layer was elaborately attached 
to perovskite membrane to improve the catalytic activity of membrane surface. More details 
are given in Section 2.2. 
The placement of the catalyst in the reactor relative to the membrane can also have 
significant impact not only on the conversion of a reaction but also, in some case, the yield or 
selectivity. Three common modes of placing the catalyst are: (1) a bed of catalyst particles or 
pellets in a packed or fluidized state is physically separated but confined by the membrane as 
part of the reactor wall; (2) the catalyst in the form of particles or monolithic layers is attached 
to the membrane surface or inside the membrane pore; and (3) the membrane is inherently 
catalytic.7 
 
1.2 Perovskite-type membrane reactor 
1.2.1 Fundamentals of perovskite-type oxides 
Structure of perovskites In addition to the name for the calcium titanate mineral with the 
formula CaTiO3, perovskite in its general term defines a certain structure family.19 In the 
general formula of perovskite-type oxides ABO3, A is the larger cation and B is the smaller 
cation. In this structure, as shown in Figure 1.3, the B cation is 6-fold coordinated and the A 
cation is 12-fold coordinated with the oxygen anions. This structure can be viewed with the B 
cation placed in the center of an octahedron and the A cation in the center of a cube.20 
An ideal perovskite consists of ABO3 units, but the chemical composition can vary 
Chapter 1 Introduction 
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depending on the valency of the A- and B-site cations. The sum of charges of A and B should 
be equal to the total charges of the oxygen anions. The cases A1+B5+O3, A2+B4+O3 or A3+B3+O3, 
are commonly seen.21 
 
Figure 1.3 Structure of perovskite type oxide ABO3.22 
 
In a perovskite structure, the A site cation is normally larger than the B site cation due to 
the different coordination environment. The B-O distance is equal to a/2 (a is the cubic unit 
cell parameter) while the A-O distance is a/ 2 . For an ideal perovskite structure, it follows 
the equation: rA + rO = 2  (rB + rO) with rA, rB and rO denoting the radii of the A-site and 
B-site cations and the oxygen ion. However, it was found that the cubic structure can be 
retained in ABO3 compounds, even though this equation is not exactly obeyed. The tolerance 
factor t is defined for indicating the deviation from the ideal situation by the equation:23, 24 
)(2/)(t OBOA rrrr ++=                          (3) 
which is applicable at room temperature to the empirical ionic radii. For an ideal cubic 
structure, t should equal one. However, this structure is also found for lower t-values (0.75 < t 
< 1.0). 
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Formation of oxygen vacancies A perovskite with the ideal cubic structure does not have the 
capability to conduct oxygen ions. For the conduction or diffusion to take place, there should 
be a certain amount of imperfections or defects produced according to the 
non-stoichiometry.25,26 Doping is a principal method to tailor the physical properties of the 
mixed conducting materials through formation of nonintegral stoichiometry phases or solid 
solutions by homogeneous doping with appropriate elements. To satisfy the requirement of 
electrical neutrality, the overall sum of charges in the compounds must be zero, which can be 
realized by decreasing the amount of oxygen anions (vacancies formation) or forming 
interstitial cations. For the perovskite-structured oxides ABO3, it is often seen that a lower 
valence dopant B′ is introduced on the B site to produce ABxB′1-xO3-δ.27 Thus oxygen 
vacancies are present, as shown in Figure 1.4a. The symbol δ expresses the amount of the 
oxygen vacancies that provide a pathway for oxygen ions as shown in Figure 1.4b. In addition, 
a wide range of compounds with the perovskite structure can also be produced with 
substitutions occurring for either the A atom, the B atom, or both to form a structure of AxA′1-x 
B1-yB′yO3-δ.28 
 
Figure 1.4 (a) The structure of perovskite ABxB′1-xO3-δ with oxygen vacancies VO¨ and (b) 
oxygen transport through oxygen vacancies.29,30 
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Heterogeneous catalysis on perovskites Perovskite-type oxides may show good stability and 
high catalytic activity towards methane combustion at high temperature.31 , 32 , 33  Partial 
substitution at the A-site can strongly affect catalytic activity due to stabilization of unusual 
oxidation states of the B component and to the simultaneous formation of structural defects 
that are responsible not only for part of the catalytic activity, but also for oxygen mobility 
within the crystal lattice. For example, Ferri and Forni studied the influence of substitution at 
the A-site in families of La1-x A′xBO3 (B = Co, Fe, Ni) oxides on methane combustion. 
Substitution at the A-site with a bivalent cation (A′ = Sr, Eu) or a tetravalent cation (A′ = Ce) 
led to a decrease or an increase, respectively, of methane combustion activity.34 
Several perovskite oxides have been exploited as catalysts for the partial oxidation of 
methane (POM: CH4 + 1/2 O2 → CO + 2 H2) to synthesis gas.35,36,37 Hayakawa et al. studied 
the series of perovskites Ca0.8Sr0.2Ti1-yNiyO3 towards methane oxidation.38 It was found that 
the catalyst with a composition of y > 0.1 shows high activity for CH4 combustion at 
temperatures around 600 °C but suddenly changes to synthesis gas formation at 800 °C. An 
increase in y results in high activity for CH4 combustion, and the highest selectivity to 
synthesis gas is obtained with catalyst y = 0.2 at 800 °C. Two consecutive processes are 
suggested to account for the formation of synthesis gas: the first part of the catalyst bed 
catalyzes the CH4 combustion under the O2-rich atmosphere, and the second part of the bed 
catalyzes CH4 reforming with the H2O and CO2 produced in the first part, under the 
O2-deficient atmosphere.20 
Perovskites were also employed as catalysts for the production of ethylene via oxidative 
dehydrogenation of ethane (ODE: C2H6 + 1/2 O2 → C2H4 + H2O). 39  For example, 
CaTi1-xFexO3-δ (0 < x < 0.4) and SrTi1-xFexO3-δ (0 < x < 1.0) have been studied for the ODE 
process and it was found that the latter showed higher C2H4 selectivity than the former.40 In 
addition, Dai et al. embedded halide ions in the perovskite lattice. In this case, the deep 
oxidation of C2H6 and C2H4 and the leaching of the halide from the lattice were minimized. It 
was found that SrFeO2.618Cl0.443 showed a higher catalytic activity for the ODE reaction than 
SrFeO2.81, and a C2H4 yield of ca. 63 % was obtained when working at 680 °C, a reactant 
molar ratio of C2H6:O2:N2 = 2:1:3.7 and at atmospheric pressure.41 
Perovskites are also widely exploited as the catalyst for the decomposition of nitrogen 
oxides (NOx). The direct decomposition of NO into N2 and O2 (2 NO → N2 + O2) is 
thermodynamically favorable at temperatures below 1000 °C. It was found that the 
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decomposition rate is often inhibited by oxygen, and the oxygen desorption was found to be 
the rate-limiting step of the overall reaction. So, catalysts active for NO decomposition should 
accordingly display not only the ability to adsorb and dissociate NO but also the ability to 
facilitate the oxygen desorption. Some perovskites are active to the direct decomposition of 
NO.42, 43 Iwakuni et al. found that the activity for NO decomposition was greatly elevated by 
doping La and Mg for Ba and Mn site in BaMnO3, respectively. The highest N2 yield was 
achieved on Ba0.8La0.2Mn0.8Mg0.2O3. Moreover, N2 yield of 40 % was sustained even under 
coexisting of 5 % O2 at 850 °C.44 In addition, the decomposition of N2O to nitrogen and 
oxygen (N2O → N2 + 1/2 O2) was also investigated over various substituted La0.8Sr0.2MO3-δ 
(M = Cr, Fe, Mn, Co, Y) perovskite series. Among them, La0.8Sr0.2CoO3-δ showed a maximum 
N2O conversion of 90 % at 600 °C. However, the co-feed of 4 % O2 to the stream led to a 
decrease in the conversion of N2O by ca. 13 %.45 
 
1.2.2 Preparation of perovskite membranes 
Perovskites can be prepared by a range of methods, such as chemical vapor deposition, 
combustion synthesis, and the sol-gel method. The sol-gel process offers some advantages 
such as better mixing of the starting materials and excellent chemical homogeneity in the final 
product.46,47,48 Moreover, the fine mixing and the tendency of partially hydrolyzed species to 
form extended networks facilitate the structure evolution, leading to rather low calcination 
and sintering temperatures. In this thesis, two perovskites BaCoxFeyZr1-x-yO3-δ (BCFZ) and 
BaCoxFeyZr0.9-x-yPd0.1O3-δ (BCFZ-Pd) were involved. The former was used to make the 
hollow fiber dense membrane, and the latter as the coating material was employed to improve 
the catalytic property of the membrane surface. 
The sol-gel synthesis of perovskite BCFZ-Pd As shown in Figure 1.5, the perovskite 
BCFZ-Pd powder was prepared in this work by an adapted variant of the so-called citrate 
method employing EDTA and citric acid in parallel as complex formation agents.46,47,48 
Briefly, the calculated amounts of Ba(NO3)2 and Pd(NO3)2 powder were dissolved in an 
aqueous solution of Co(NO3)2, Fe(NO3)3, and ZrO(NO3)2, followed by the addition of EDTA 
acid and citric acid with the molar ratio of EDTA acid : citric acid : total of molar amounts of 
metal cations as 1:1.5:1. After agitation for a certain time, the pH value of the solution was 
adjusted at around 9 by the addition of aqueous NH3. The solution was kept under heating and 
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stirring until a gel was formed. The transparent solution transformed into a dark purple gel 
after evaporation for several hours. Further heat treatments were applied, i. e. the 
pre-calcination for 2 h at ca. 700 °C and then a calcination at 950 °C for 10 h to obtain the 
powder of the final composition. X-ray diffraction (XRD), scanning electron microscopy 
(SEM), transmission electron electron microscopy (TEM), and energy-dispersive X-ray 
spectroscopy were used to characterize the samples. 
Preparation of perovskite BCFZ hollow fiber membrane Perovskite BCFZ hollow fiber 
membranes were manufactured at the Fraunhofer Institute for Interfacial Engineering and 
Biotechnology (IGB) in Stuttgart by a phase inversion spinning followed by sintering.49 The 
homogeneous slurry of a polymer solution and the BCFZ powder was obtained by ball milling 
up to 24 hours with a solid content of 50 - 60 mass %. The slurry was spun through a 
spinneret and the obtained infinite green hollow fiber was cut into 0.5 m long pieces before 
sintering the fiber in a hanging geometry. After sintering at 1300 °C for 5 h, as shown in 
Figure 1.6, the length of the green fiber reduced from 50 cm to ~ 32 cm and the sintered fiber 
had a wall thickness of around 0.17 mm with an outer diameter of 1.10 mm and an inner 
diameter of 0.76 mm. 
Figure 1.5 Scheme of the preparation of perovskite BCFZ-Pd powder. 
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Figure 1.6 The sintered BCFZ hollow fiber membrane (SEM provided by Dr. A. Feldhoff). 
 
Deposition of BCFZ-Pd porous layer onto BCFZ hollow fiber membrane The BCFZ-Pd 
powders were crushed in a mortar. The BCFZ-Pd pastes for coating were obtained by adding 
several drops of water to the crushed fine powder. The paste was coated on the surface of the 
dense membrane BCFZ using a fine brush. These coated membranes were sintered at 1050 °C 
for 1 h in air atmosphere with a heating and cooling rate of 3 °C/min.50 
 
Hollow fiber membrane reactor Figure 1.7 shows a scheme of the BCFZ hollow fiber 
membrane reactor used in this Ph D. work.51,52,53 In order to obtain the isothermal condition, 
the two ends of the hollow fiber were coated by Au paste and then sintered at 950 °C for 5 h. 
The coating and sintering procedure was repeated three times and a dense Au film, which is 
not permeable to oxygen was obtained on BCFZ membrane surface. Such Au-coated hollow 
fiber can be sealed by silicon rubber ring and the uncoated part (the effective length is 3 cm, 
and the effective membrane area is 0.86 cm2), which is permeable to the oxygen, can be kept 
in the middle of the oven ensuring isothermal conditions. The mixture of N2O (or H2O) and 
He was fed to the core side and a mixture of CH4 (or C2H6), Ne, and He was fed to the shell 
side. A Ni-based steam reforming (SR) catalyst (Süd Chemie AG) was packed around and 
behind the hollow fiber membrane when methane was used as the reducing gas on the shell 
side. N2O, CH4, C2H6, He, and Ne flow rates were controlled by gas mass flow controllers 
(Bronkhorst). H2O flow rate was controlled by the liquid mass flow controller (Bronkhorst) 
and was completely evaporated at 180 oC before it was fed to the reactor. All gas lines to the 
reactor and the gas chromatograph were heated to 180 oC. 
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Figure 1.7 Scheme of the hollow fiber membrane reactor used in this work.51 
 
 
The flow rate at inlet for all the gases was obtained by using a soap bubble meter. The 
total flow rates of the effluents at outlet ( outtotalF ) were determined by using Ne as an internal 
standard. The calculation is based on the facts that the inert Ne didn’t take part in the reactions 
and the flow rate of Ne at inlet should be equal to that at exit: 
                               outNe
out
total
in
Ne
in
total c Fc F =                           (4) 
where intotalF  is the total flow rates of the stream at inlet,  c
in
Ne  and  c
out
Ne  are the 
concentrations of Ne at inlet and outlet, respectively. The concentrations of the gases at the 
exit of the reactor were determined by an on-line gas chromatograph (Agilent 6890) equipped 
with the Carboxen 1000 column (Supelco). The details about the calculation of conversions, 
selectivity and yields are given in Chapter 2 and Chapter 3. 
 
 
Chapter 1 Introduction 
16 
1.2.3 Oxygen transport through perovskite membranes 
Perovskite membranes show mixed oxygen ion and electron conductivity. If there is a 
gradient ▽µO2 of the oxygen chemical potential across the dense perovskite membrane, the 
oxygen can be transported from the side with a high oxygen partial pressure pO2′ to the side 
with a low oxygen partial pressure pO2″. It is generally accepted that the oxygen permeation 
through the dense perovskite membrane, as shown in Figure 1.8, involves three progressive 
steps: (1) oxygen insertion on air side, (2) the simultaneous bulk diffusion of oxygen ion and 
electron in the bulk phase, and (3) oxygen release on the permeate side. The slowest step is 
expected to limit the overall oxygen permeation rate. Different perovskite membranes of 
varying thickness tend to have different determining steps. 
 
Figure 1.8 Schematic diagram of oxygen transport through a perovskite membrane.54 
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Bulk diffusion For a relatively thick membrane, the bulk diffusion process is commonly the 
determining step. In this case, the oxygen permeation through the membrane is commonly 
described by Wagner’s theory,55, 56 which is restricted to the simultaneous transport of 
oxygen ions and electrons that are ideally diluted and do not interact. The oxygen permeation 
flux j(O2) can be described by Wagner’s equation as follows: 
=)( 2Oj ( ) 224
1
O
ionel
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where σel and σion are the electronic and ionic conductivities, respectively, F the Faraday 
constant and ∇µO2 the gradient of the chemical potential of oxygen across the membrane. 
Assuming that σel >> σion and that the ∂lnaO2/∂x can be approximated by ln (pO2′ – pO2″)/L 
with pO2′ and pO2″ denoting the oxygen partial pressure of the high chemical potential side and 
the low chemical potential side, respectively, of the membrane of thickness L, Wagner’s 
equations reads 
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Based on the above equation, the oxygen permeation rate can be enhanced by increasing the 
operating temperature, the pressure gradient across the membrane, or by decreasing the 
thickness of the membrane. 
Surface exchange Below a critical value Lc of membrane thickness, the Wagner equation is 
not applicable, and the surface exchange rate would become the limiting step in the oxygen 
permeation. The surface exchange reaction is a complex process, which includes the 
adsorption, oxygen reduction (charge transfer), surface diffusion of intermediate species, and 
the incorporation of oxygen into the perovskite lattice.57 Many studies indicated that the 
surface exchange rate can be increased by coating the membrane with materials that show a 
high surface exchange rate such as cobalt-containing perovskite or noble metal particles.58, 59 
When a perovskite membrane is used as a reactor for the oxidation of light hydrocarbons, 
the surface process on the permeate side is the reaction between the permeated oxygen species 
and the reactive gas such as CH4. In this case, a better reactor performance can be expected by 
coating the membrane with a catalytically active layer. The catalytic coating can accelerate 
the oxidation of hydrocarbon. In other words, the permeated oxygen is consumed quickly and 
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a larger driving force for oxygen permeation will be built, leading to a higher oxygen 
permeation rate. 
 
1.2.4 Applications of perovskite membranes 
Perovskite membranes show high oxygen ion and electronic conductivity, and can be 
used to separate oxygen from air. In the past decades, many researchers demonstrate the 
production of pure oxygen or oxygen-enriched air using perovskite membranes. Also the 
separated oxygen can be used, in a perovskite membrane reactor, for the in situ partial 
oxidations of hydrocarbons such as the POM to synthesis gas, the ODE to ethylene, or the 
oxidative coupling of methane (OCM) to C2+ hydrocarbons. 
Production of pure oxygen and oxygen-enriched air Oxygen is ranking among the top five 
in the production of commodity chemicals in the world. To get cheap, high-purity oxygen is a 
very important demand in industry. The oxygen transport through the perovskite membrane is 
in the form of oxygen ion instead of oxygen molecules, so pure oxygen can be obtained in 
principle. In the published work, most researchers, employing perovskite membrane as the 
oxygen separator, used the inert gas such as He or Ar to sweep the permeated oxygen. Wang 
et al. used steam as the sweep gas and the high-purity oxygen can be produced after the steam 
condensation.60 Evacuation by a pump is an alternative to the use of sweep gas for pure 
oxygen production using the perovskite membrane. 
Oxygen-enriched air with typically 40 – 50 % oxygen content is also needed in a number 
of industrial processes, for example, in the preparation of synthesis gas for ammonia 
production. Perovskite BCFZ membrane has also been exploited to produce oxygen-enriched 
air by transporting oxygen from slightly pressured air through the membrane to the air at 
lower pressure. When increasing the pressure difference from 0.5 bar to 3 bar, the oxygen 
content in the air on the permeate side almost doubled, from 30 % to 55 %, and the oxygen 
permeation rate rises from 0.5 to 2.2 mL min-1 cm-2. In oxygen-enrichment mode, there is no 
problem with the stability of perovskite membrane, because both sides of the membrane are 
exposed to an oxidizing atmosphere. This is confirmed by a period of stable operation of 
perovskite hollow fiber membrane in excess of 800 h at 875 °C, to produce 42 % 
oxygen-enriched air.61 
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Partial oxidation of methane (POM) to synthesis gas Among all the potential applications 
for perovskite membranes, the POM to syngas (CO+H2) is thought to be one of the 
commercially most important applications. Using mixed-conducting perovskite membranes, 
air is used as the oxidant on one side, and the permeated oxygen can be utilized for the 
N2-free syngas production on the other side of membrane. By coupling the oxygen separation 
and POM in the membrane reactor, syngas production costs can be potentially reduced. The 
ceramic membrane further aids in safety management, since it avoids the premixing of 
oxygen and natural gas and reduces the formation of hot spots as encountered in a co-feed 
reactor. Moreover, compared to steam reforming, a lower H2/CO ratio of 2 is obtained during 
POM process, which is required for methanol synthesis or the Fischer-Tropsch process. 
Developing a mixed conducting perovskite membrane with a high oxygen flux and 
long-term phase stability is the main challenge for successful application in the syngas 
production process. Although membranes made from La-Sr-Co-Fe family materials exhibit a 
high oxygen permeation rate, considerable doubts on these cobalt-containing perovskite 
membranes still remain due to their poor phase stability under a reducing environment.21 
Several concepts are being followed to improve the membrane stability, such as reducing the 
relative amount of cobalt in the perovskite and co-doping the material with less-reducible 
metals such as Zr4+ or Ga3+.62 Tsai et al. reported the syngas production by POM in a 
disk-type membrane reactor based on La0.2Ba0.8Co0.2Fe0.8O3-δ.63 They successfully used this 
membrane in syngas generation experiments for 850 h at 850 oC. Yang et al. studied the direct 
conversion of methane to syngas in Ba0.5Sr0.5Co0.8Fe0.2O3-δ tubular membranes.64 This reactor 
was successfully operated for the POM reaction in pure methane stream at 875 oC for more 
than 500 h without failure. In addition, the material BaCo0.4Fe0.4Zr0.2O3-δ was developed. The 
membrane reactor made of this material in syngas production experiments at 850 oC can be 
operated steadily for more than 2200 h.65 
Beside the intrinsic property of the membrane material, the mechanism of POM in the 
membrane reactor is another factor for the long-term operation for perovskite membrane. The 
reaction of methane with oxygen in the membrane reactor is called “partial oxidation”. 
However, there is experimental evidence that methane is first oxidized to CO2 and H2O, after 
which the products of total oxidation are reduced by un-reacted methane on conventional 
Ni-based catalyst to CO and H2 according to steam reforming and dry reforming (CO2), 
respectively. Yang et al. think that the gases directly contacted with the Ba0.5Sr0.5Co0.8Fe0.2O3-δ 
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membrane tube wall are CO2 and H2O rather than the reductive gases H2 and CO, which 
might be one of the reasons why the membrane reactor can be operated steadily for long time 
during the POM reaction.64 Recently, Wang et al. studied the POM process in BCFZ hollow 
fiber membrane reactor, and found that the so-called partial oxidation of methane to syngas in 
the reactor is possibly first a total oxidation followed by steam and dry reforming steps, as 
shown in Figure 1.9.66 In addition, Chen et al. proposed and verified that the reaction via a 
combustion-reforming mechanism can really improve the stability of BSCF membrane 
materials.67 
 
Figure 1.9 Suggested reaction pathways of POM in a hollow fiber membrane reactor.66 
 
Oxidative dehydrogenation of ethane (ODE) to ethylene Currently, ethylene is produced 
by steam cracking of ethane in a highly endothermic and energy-consuming process in which 
the dilution of ethane with steam reduces the formation of coke.68 ODE is considered a 
promising alternative due to the reduced demand of energy and to the fact that there is no 
equilibrium constraint on the conversion. One of challenges for the process is how to achieve 
a high selectivity for ethylene, because it is easier to be deeply oxidized to COx by O2. One 
way to overcome these difficulties is to use lattice oxide (O2-) as oxidant. Wang et al. used an 
oxygen permeable membrane based on Ba0.5Sr0.5Co0.8Fe0.2O3-δ to continuously supply lattice 
oxygen for oxidative dehydrogenation of ethane to ethylene, as shown in Figure 1.10.69 The 
selectivity of 90 % was obtained at 650 °C. The ODE in this disk-type membrane reactor was 
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also investigated at temperatures higher than 800 °C. Per pass an ethylene yield of 67 % at an 
ethylene selectivity of 80 % was achieved, while only 53.7 % ethylene selectivity was 
obtained using a conventional fixed-bed reactor under the same reaction conditions with the 
same catalyst at 800 °C. Lin et al. also studied the ODE process in a dense tubular ceramic 
membrane reactor made of fluorite structured Bi1.5Y0.3Sm0.2O3 (BYS) at temperatures 
825–875 °C.70 A dead-end tube and shell configuration was used where ethane was fed inside 
the tube and air was fed into the shell side of the membrane reactor. At 875 oC, per pass 
ethylene yield of 56 % at an ethylene selectivity of 80 % was obtained in the membrane 
reactor. However, the thermal dehydrogenation of ethane should be considered when the 
reaction temperature is higher than 800 °C. 
 
Figure 1.10 Mechanism of oxidative dehydrogenation of ethane to ethylene in an oxygen 
permeable membrane reactor.69 
 
1.3 Aims of the thesis 
It is the aim of this thesis to demonstrate the coupling of two reactions via an 
oxygen-transporting membrane. Two energy/environment related model reactions have been 
selected: 
1. The hydrogen production by thermal water splitting, which is coupled with methane 
combustion, the POM to synthesis gas, or the ODE to ethylene. 
2. The nitrogen oxides (NO and N2O) abatement by its decomposition into nitrogen and 
oxygen, which is coupled with the POM to synthesis gas or the ODE to ethylene. 
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Hydrogen is gaining more and more attention because it is regarded as an important 
future fuel. Today, hydrogen is mainly produced from nonrenewable natural gas and 
petroleum. With concerns over worldwide energy demands and global climate change, 
alternative sources must be found. Water is recommended as the ideal source for the 
generation of hydrogen. Although water dissociation into oxygen and hydrogen is 
conceptually simple, efficient hydrogen production from water remains difficult as a result of 
the low equilibrium constant of Kp ≈ 2 × 10-8 at the relatively high temperature of 950 °C.71 
As discussed in Section 1.1.2, one technique to enhance the hydrogen production rate 
from the equilibrium-limited water splitting is the in situ removal of the simultaneously 
produced oxygen using a mixed oxygen ion and electron conducting membrane. Previous 
studies had shown that an operating temperature of 1683 °C was necessary to obtain a 
hydrogen production rate of 0.6 cm3 min-1 cm-2 in a mixed-conducting ZrO2-TiO2-Y2O3 
membrane.9 In order to lower the operating temperature, Balachandran et al. fed hydrogen on 
the permeation side of a ceramic-metal membrane reactor to consume the permeated 
oxygen.10 Although a maximum hydrogen production rate of 10.0 cm3 min-1 cm-2 was 
obtained at 900 °C, the amount of hydrogen produced was equivalent to the amount 
consumed, which makes it unpractical. Therefore, it would be attractive for both the feed and 
permeate stream to yield a valuable compound. 
At the Fraunhofer IGB in Stuttgart in cooperation with Caro’s group under the auspieces 
of the BMBF projects “Tool-Box: Ceramic membranes for Catalysis” (2003-2006) and the 
successor project “SynMem: Synthesis Gas Production in Membrane Reactors” (2006-2009), 
a novel BCFZ perovskite hollow fiber membrane with high oxygen permeability has been 
developed for e.g. oxygen separation, the POM to synthesis gas, and the ODE to 
ethylene.49,72,73 One aim of my Ph. D. work was to exploit the feasibility of hydrogen 
production from water splitting by removing the simultaneously produced oxygen via BCFZ 
hollow fiber membrane. Clearly, the hydrogen production rate depends directly on the rate of 
oxygen removal from the water dissociation system. Besides operating temperature and 
membrane thickness, according to Wagner’s theory as discussed in Section 1.2.3, the oxygen 
permeation rate is related to the oxygen partial pressure gradient across the BCFZ membrane. 
By feeding the reducing gas to the permeate side of the membrane, a larger driving force will 
be provided for the fast removal of oxygen from the steam side, thus increasing the hydrogen 
production rate. The strategy used here to improve the hydrogen production rate is to couple 
Chapter 1 Introduction 
23 
water splitting with practice-related reactions on the opposite sides of the BCFZ membrane 
reactor. Specifically, three reactions such as methane combustion, POM, and ODE were 
employed, respectively, to consume the permeated oxygen on the permeate side. In addition, a 
catalytic porous layer onto BCFZ membrane was fabricated or a Ni-based reforming catalyst 
was put around and behind the BCFZ membrane to accelerate the rate of oxygen consumption. 
Based on this novel coupling strategy, not only a higher hydrogen production rate from water 
splitting on the one side, but also valuable chemical products such as synthesis gas or ethylene 
on the other side of the membrane were obtained. 
Another aim of this Ph. D. work was to abate nitrogen oxides in a perovskite BCFZ 
membrane reactor, which are mainly produced by automobiles and stationary power plants 
and among the major atmospheric pollutants. As discussed in Section 1.2.1, the catalytic 
decomposition of nitrogen oxides over perovskite catalysts is strongly inhibited by the 
produced oxygen, leading to a lower conversion. To avoid the inhibition by the produced 
oxygen, the decomposition of nitrogen oxides were conducted in the BCFZ oxygen permeable 
membrane reactor in this work. Here, the BCFZ membrane fulfills a double role: it can 
catalyze the decomposition of nitrogen oxides, and transport the produced oxygen to the other 
side of membrane, thus overcoming the inhibition by oxygen. In addition, to get a larger 
driving force for oxygen removal and thus a complete conversion of nitrogen oxides, the 
decomposition of nitrogen oxides was coupled with POM or ODE in the BCFZ membrane 
reactor. 
 
In summary, by using a perovskite-type BCFZ oxygen-permeable hollow fiber 
membrane, oxygen from water dissociation can be continually removed and this reaction was 
continuously shifted to the product side. When coupling the equilibrium-controlled water 
splitting with POM or ODE, a larger driving force was provided for oxygen transport through 
the membrane, and accordingly significant amounts of hydrogen was achieved. 
Simultaneously, valuable chemical products such as synthesis gas or ethylene can be obtained 
on the other side of membrane. For the kinetically controlled nitrogen oxides decomposition, 
the inhibitor oxygen can be in situ removed via BCFZ hollow fiber membrane. When 
coupling this reaction with POM or ODE, a complete decomposition of nitrogen oxides was 
obtained due to the effective removal of the inhibitor oxygen. 
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Chapter 2  
Thermodynamic coupling for hydrogen production 
2.1 Summary 
As mentioned in Section 1.1.2, one technique to produce more hydrogen from the 
equilibrium-limited water splitting is the in situ removal of the simultaneously produced 
oxygen via a perovskite oxygen-permeable membrane. The hydrogen production rate directly 
depends on the rate of oxygen removal from the water splitting system. In this chapter, the 
effective hydrogen production from water splitting was demonstrated by coupling water 
splitting with three oxygen-consuming reactions on the opposite sides of BCFZ hollow fiber 
membrane. 
In the first article, water splitting was coupled with methane combustion. A BCFZ-Pd 
porous layer with the thickness of around 40 µm was elaborately attached to the outer surface 
of the dense BCFZ membrane to catalyze methane combustion. The oxygen permeation rate 
was increased by 3.5 times as compared to that of the blank BCFZ membrane, and the 
hydrogen production rate from water splitting was increased from 0.7 to 2.1 cm3 min-1 cm-2 at 
950 °C after depositing a BCFZ-Pd porous layer onto the dense BCFZ membrane. 
In the second article, water splitting was coupled with the POM to synthesis gas (a 
mixture of CO and H2). A Ni-based catalyst was packed on the shell side. It was found that the 
hydrogen production rate was increased by increasing the operating temperature or methane 
concentration on the shell side. A hydrogen production rate of 3.1 cm3 min-1 cm-2 was 
obtained on the core side at 950 °C. Simultaneously, a methane conversion of 70 % and CO 
selectivity of 60 % were obtained on the shell side. 
In the third article, water splitting was coupled with the ODE to ethylene. In this case, 
the hydrogen production from water splitting was conducted at moderate temperature. At 800 
°C, not only a hydrogen production rate of 1.0 cm3 min-1 cm-2 was obtained, but also an 
ethylene yield of around 55 % was achieved on the other side of the BCFZ membrane. 
Moreover, the operation for the simultaneous production of hydrogen on the core side and 
ethylene on the shell side was conducted for 100 h without membrane failure. 
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2.2 Hydrogen production by water dissociation in surface-modified 
BaCoxFeyZr1-x-yO3-δ hollow fiber membrane reactor with improved 
oxygen permeation 
Heqing Jiang, Fangyi Liang, Oliver Czuprat, Konstantin Efimov, Armin Feldhoff, 
Steffen Schirrmeister, Thomas Schiestel, Haihui Wang, and Jürgen Caro 
Chem. Eur. J., 2010, accepted 
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Figure S1 TEM analysis of BCFZ-Pd particles: (a) dark-field micrograph, (b) energy-dispersive X-ray 
spectrum (EDXS), and (c-h) corresponding elemental distribution images. 
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Figure S2 (a) TEM bright-field micrograph of the BCFZ-Pd powder, (b) electron diffraction 
pattern from the selected area, and (c) HRTEM micrograph from the selected area. 
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2.3 Simultaneous production of hydrogen and synthesis gas by 
combining water splitting with partial oxidation of methane in a 
hollow-fiber membrane reactor 
 
Heqing Jiang, Haihui Wang, Steffen Werth, Thomas Schiestel, and Jürgen Caro 
Angew. Chem. 2008, 120, 9481; Angew. Chem. Int. Ed. 2008, 47, 9341. 
(Reported by Chemistry World, 2008, 5 (12) with the News: “Double reactor makes 
hydrogen and syngas”). 
Chapter 2 Thermodynamic coupling for hydrogen production 
 41
 
Chapter 2 Thermodynamic coupling for hydrogen production 
 42
 
Chapter 2 Thermodynamic coupling for hydrogen production 
 43
 
Chapter 2 Thermodynamic coupling for hydrogen production 
 44
 
Chapter 2 Thermodynamic coupling for hydrogen production 
 45
 
 
 
 
Supporting Information for 
 
 
Simultaneous production of hydrogen and synthesis gas by combining water splitting 
with partial oxidation of methane in a hollow fiber membrane reactor∗∗ 
 
Heqing Jianga, Haihui Wanga,b∗，Steffen Werthc, Thomas Schiesteld, Jürgen Caroa 
aInstitute of Physical Chemistry and Electrochemistry, Leibniz University of Hannover, Callinstr. 3-3A, 
D-30167 Hannover, Germany 
b College of Chemistry and Chemical Engineering, South China University of Technology, Guangzhou, 
510640, PR China 
 cUhde GmbH, Friedrich-Uhde-Str. 15, D-44141 Dortmund, Germany 
dFraunhofer Institute of Interfacial Engineering and Biotechnology (IGB), Nobelstr 12, D-70569 Stuttgart, 
Germany 
 
 
 
 
                                                        
∗ Corresponding author.  
E-mail address: hhwang@scut.edu.cn or Haihui.Wang@pci.uni-hannover.de 
 
∗∗ The authors gratefully acknowledge the financial support of the BMBF for the project CaMeRa (Catalytic membrane 
reactor) under the auspices of ConNeCat (competence network catalysis) and Prof. Wang thanks the NSFC 
(No.2070620) for financial support. 
. 
Chapter 2 Thermodynamic coupling for hydrogen production 
 46
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
825 850 875 900 925 950
0.012
0.016
0.020
0.024
0.028
0.032
0.036
H
2 r
at
e 
/c
m
3  m
in
-1
 c
m
-2
  
 
 
Temperature / oC
Figure S1 Hydrogen flux as a function of temperature during water splitting using  
BCFZ hollow fiber membrane. Core side: FH2O = 20 cm3 min-1; Shell side: FHe = 20 cm3 
min-1. 
Helium was used as a sweep gas and the resulting hydrogen fluxes were found to be two 
orders of magnitude smaller than those obtained using methane as the sweep gas with 
Ni-based catalyst. 
 
Chapter 2 Thermodynamic coupling for hydrogen production 
 47
 
 
 
 
Figure S2 The schematic diagram of the experimental apparatus for hydrogen and synthesis gas production 
by combining water splitting with POM processes. 
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Figure S3 SEM pictures of the cross section of the fresh hollow fiber 
membranes Our BCFZ hollow fiber membranes exhibit an asymmetric 
structure with a porous layer of around 100 µm and a thin dense layer of 
only 50 -100 µm, which reduces the resistance to the oxygen bulk 
permeation. Furthermore, the porous layer facilitates the oxygen surface 
exchange due to its large surface area. Both effects lead to higher oxygen 
fluxes of our perovskite hollow fiber membrane. 
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Figure S4 SEM-EDX element maps for the spent fiber. Only Fe, Co, Zr, Ba and O were 
found in the EDX spectrum. No significant elements segregation was observed on the both 
membrane surfaces and the bulk by quantitatively analyzing the element maps.  
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2.4 A coupling strategy to produce hydrogen and ethylene in a 
membrane reactor 
 
Heqing Jiang, Zhengwen Cao, Steffen Schirrmeister, Thomas Schiestel, and Jürgen Caro 
Angew. Chem. Int. Ed. 2010, revised. 
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Figure S1 Schematic diagram of the membrane reactor used in this work 
 
 
 
 
 
 
 
 
Table S1 Ethane conversion X(C2H6) and ethylene selectivity S(C2H4) at different temperatures in presence of 
water in a fixed-bed reactor filled with the perovskite BCFZ. 
Temperature /°C X(C2H6) /% S(C2H4) /% 
700 14 24 
750 30 59 
775 47 69 
800 66 71 
Conditions:  FC2H6 = 3 cm3 min-1, FH2O = 6 cm3 min-1, FHe = 30 cm3 min-1, and FNe = 1 cm3 min-1. 
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Chapter 3  
Kinetic coupling for nitrogen oxides decomposition 
3.1 Summary 
It was found that the decomposition of NO or N2O over perovskite BCFZ is inhibited by 
oxygen. In this chapter, the effective NO and N2O decomposition was demonstrated by in situ 
removing the inhibitor oxygen via the BCFZ hollow fiber membrane. 
The first article presents the NO decomposition coupled with the POM on the opposite 
sides of the BCFZ hollow fiber membrane. It was found that NO conversion on the core side 
is below 5 % when no sweep gas was applied on the shell side. However, when feeding 
methane in combination with Ni-based catalyst to the shell side, the direct decomposition of 
NO over the inner surface of the BCFZ hollow fiber membrane was achieved with NO 
conversion of almost 100 % and N2 yield of around 95 % even with coexisting 3 % oxygen in 
the feed. 
The second article demonstrates the N2O decomposition coupled with the POM to 
synthesis gas in the BCFZ oxygen-permeable membrane reactor. By in situ removing the 
inhibitor oxygen, N2O with concentration of up to 50 % was completely treated at 875 °C. 
Moreover, this system can tolerate the coexistence of 15 % oxygen in the feed. 
Simultaneously, the permeated oxygen was utilized to produce synthesis gas on the shell side. 
A methane conversion of over 90 % and a CO selectivity of 90 % were obtained at 875 °C 
with the simultaneous complete conversion of N2O in the coexistence of 5 % O2 in the feed. 
In the third article, the effect of oxygen permeability of the BCFZ hollow fiber 
membrane on the reactor performance for water splitting and N2O decomposition are 
discussed, and much attention was given to the effect of oxygen partial pressure of the N2O 
side on the N2O decomposition. It was found that the oxygen partial pressure on the N2O side 
can be decreased by increasing the operating temperature or the pressure difference across the 
membrane, or by feeding reducing gases like methane or ethane on permeate side. By 
removing the oxygen via the BCFZ membrane, the oxygen partial pressure on N2O side was 
kept at a very low lever, and a complete conversion of N2O was obtained. Moreover, the 
permeated oxygen was used to produce synthesis gas by the POM or ethylene by the 
dehydrogenation of ethane on the shell side. An ethane conversion of 85 % and an ethylene 
selectivity of 86 % were obtained at 850 °C. 
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3.2 Highly effective NO decomposition by in situ removal of inhibitor 
oxygen using an oxygen transporting membrane 
 
Heqing Jiang, Lei Xing, Oliver Czuprat, Haihui Wang, Steffen Schirrmeister, Thomas 
Schiestel, and Jürgen Caro 
Chem. Commun., 2009, 6738. 
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Reproduced by permission of The Royal Society of Chemistry 
http://www.rsc.org/ej/CC/2009/b912269a.pdf 
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3.3 Direct decomposition of nitrous oxide to nitrogen by in situ 
oxygen removal with a perovskite membrane 
 
Heqing Jiang, Haihui Wang, Fangyi Liang, Steffen Werth, Thomas Schiestel, and Jürgen 
Caro 
Angew. Chem. 2009, 121, 3027; Angew. Chem. Int. Ed. 2009, 48, 2983. 
(Selected as Front Cover; Highlighted by Nature, 2009, 457, 639.) 
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Figure S1 Comparative study of N2O catalytic decomposition in 
different operation modes. 
 top: Membrane operation mode without oxygen removal. 
 bottom: Membrane operation mode with in-situ oxygen removal. 
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3.4 Improved water dissociation and nitrous oxide decomposition by 
in situ oxygen removal in perovskite catalytic membrane reactor 
 
Heqing Jiang, Haihui Wang, Fangyi Liang, Steffen Werth, Steffen Schirrmeister, 
Thomas Schiestel, and Jürgen Caro 
Catal. Today, 2010, doi: 10.1016/j.cattod.2010.02.027. 
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Chapter 4 
Conclusions 
In this thesis, the coupling of energy/environment related reactions in the perovskite catalytic 
membrane reactor has been demonstrated. Specifically, the equilibrium controlled water 
splitting and the kinetically controlled NO and N2O decomposition were studied in the 
perovskite BCFZ hollow fiber membrane reactor that allows the selective permeation of 
oxygen. It is found that both the hydrogen production rate and the conversion of NO and N2O 
on the core side directly depend on the rate of oxygen removal from the core side to the shell 
side of the BCFZ membrane. The effective hydrogen production or nitrogen oxides abatement 
were achieved by coupling water dissociation or nitrogen oxides decomposition with a series 
of oxygen-consuming reactions on the opposite sides of the BCFZ hollow fiber membrane 
reactor. 
 
To produce more hydrogen from the equilibrium controlled water splitting on the core 
side of BCFZ membrane, the simultaneously produced oxygen should be quickly removed 
from the steam side to the other side. In other words, a higher oxygen permeation rate should 
be achieved, which can be realized by establishing a larger gradient of oxygen partial pressure 
across the membrane. Three oxygen-consuming reactions were employed to couple with 
water splitting for the effective hydrogen production in the perovskite BCFZ hollow fiber 
membrane. 
First, methane combustion was employed to couple with water splitting. When a blank 
BCFZ hollow fiber was used as the reactor, the membrane itself shows a poor catalytic 
activity towards methane combustion. This was confirmed by the fact that much un-reacted 
methane and oxygen were detected from the effluent of the shell side when methane and air 
were, respectively, fed to the shell side and core side of the BCFZ membrane. To improve the 
catalytic activity of the membrane surface and thus the oxygen permeation rate, a catalytic 
BCFZ-Pd porous layer was deposited onto the outer surface of the dense BCFZ hollow fiber 
membrane. It is found that under the catalysis of the BCFZ-Pd porous layer, almost all the 
permeated oxygen was consumed by methane combustion. Due to the establishment of a 
larger gradient of oxygen partial pressure across the membrane, the oxygen permeation rate 
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was increased by 3.5 times as compared to that of the blank BCFZ membrane. Accordingly, 
the hydrogen production rate from water splitting was increased from 0.7 to 2.1 mL min-1 
cm-2 at 950 °C after depositing a BCFZ-Pd porous layer onto the BCFZ membrane. 
Second, the POM to synthesis gas was coupled with water splitting. In this work, a 
Ni-based reforming catalyst was packed around and behind the BCFZ hollow fiber membrane 
on the shell side. The permeated oxygen first reacted with methane to form CO2 and H2O. In 
the presence of Ni-based reforming catalyst, the produced CO2 and H2O were converted with 
methane to give CO and H2 by dry reforming and steam reforming. Thus, synthesis gas was 
on-line produced, which shows stronger ability to consume the permeated oxygen. A 
hydrogen production rate of 3.1 cm3 min-1 cm-2 was obtained at 950 °C on the core side of 
BCFZ membrane. Moreover, CO2 and H2O will convert with the residual methane into CO 
and H2 in the presence of Ni-based reforming catalyst behind the active zone of the BCFZ 
hollow fiber membrane. Thus, synthesis gas was obtained on the shell side of the BCFZ 
membrane. 
In the third work, water splitting was coupled with ODE process. Compared to the POM 
process, the ODE normally takes place at even lower temperatures. It is found that significant 
amounts of hydrogen were obtained at moderate temperatures (700-800 °C) by coupling water 
splitting with the ODE process on the opposite sides of the BCFZ hollow fiber membrane. At 
800 °C, a hydrogen production rate of around 1.0 cm3 min-1 cm-2 was achieved on the steam 
side, and a ethylene yield of 55 % was obtained on the other side of the BCFZ membrane. 
Moreover, the operation for the simultaneous production of hydrogen from water splitting on 
the side and ethylene on the shell side  
 
The decomposition of NO or N2O into N2 and O2 over the perovskite BCFZ is inhibited 
by oxygen. To obtain a highly effective abatement of nitrogen oxides, the oxygen partial 
pressure should be kept at a very low lever, which can be achieved by in situ removing the 
inhibitor oxygen via the perovskite BCFZ oxygen-permeable membrane. It was found that the 
conversion of NO or N2O on the core side is very low when no sweep gas was applied on the 
shell side. However, when feeding methane in combination with Ni-based catalyst to the shell 
side, the direct decomposition of NO over the inner surface of the BCFZ hollow fiber 
membrane was achieved with NO conversion of almost 100 % even with coexisting 3 % 
oxygen in the feed. Moreover, benefiting from the in situ removal of oxygen, the undesired 
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NO2 formation by the consecutive reaction between NO and O2 can effectively be prevented. 
The N2 selectivity of NO decomposition was found to be around 95 %.  
For the N2O decomposition in the BCFZ membrane reactor, the conversion was 
enhanced by increasing the operating temperature or the pressure difference across the 
membrane or by feeding reducing gases like methane or ethane on the permeate side. When 
methane was used as the reducing gas on the shell side, the oxygen concentration on the N2O 
side can be kept at a low level, thus avoiding the inhibition of the N2O decomposition by 
adsorbed surface oxygen species. A complete decomposition of N2O with the concentration of 
up to 50 % was achieved at 875 °C. Moreover, the permeated oxygen was utilized to produce 
synthesis gas by the POM or ethylene by the ODE on the shell side. A methane conversion of 
over 90 % and a CO selectivity of 90 % were obtained at 875 °C with the simultaneous 
complete decomposition of 20 % N2O. 
 
In summary, this Ph. D. work presented the effective hydrogen production from water 
splitting and nitrogen oxides abatement by in situ removing oxygen via a perovskite BCFZ 
hollow fiber membrane. In the presented coupling strategies, not only the reactions on both 
sides of the membrane reactor are energy/environment related and industrially interesting, but 
also the reactor performance has been significantly improved, which contributes to the 
concept of process intensification. 
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